Sodium is the most abundant component in extracellular fluids and allows the transport of nutrients and is an essential ingredient which contributes to blood pressure regulation and transmission of nerve impulses (Cruz et al., 2011) . But excess sodium intake results in high blood pressure which is a risk factor for cardiovascular disease (Lawes, Hoorn, & Rodgers, 2008) . For this reason, many researchers have reported the beneficial health effect of a low-sodium diet. Dall et al. (2009) reported that low-sodium intake reduced the risk of hypertension, cerebrovascular disease, congestive heart failure, and coronary heart disease. Usually, traditional Korean foods based on kimchi contain a high amount of salt. Koreans typically ingest 13.4 g of salt per day which is much higher than the WHO recommendation of <5 g per day (Lee et al., 2011) . To limit sodium consumption, reduced-sodium traditional Korean foods are being developed.
However, reducing the sodium content may result in increased water activity (a w ) of foods. a w is one of the key factors which greatly affect the microbial safety of foods, and low a w can prevent the growth of microorganisms. Therefore, the microbial safety of reduced-sodium foods needs to be investigated.
Indicator microorganisms are used as a marker of microbial quality in foods and food processing (Chapin, Nightingale, Worobo, Wiedmann, & Strawn, 2014) . The presence of indicator microorganisms can reveal potential pathogen contamination of foods (Buchanan & Oni, 2012) . Coliforms are one of the indicator microorganisms which can be used in assessment of product production (Zoellner et al., 2016) . But, unfortunately, a study which confirmed that kimchi processing is not free from microbial contaminations has been reported. Kim and Yoon (2005) reported that coliforms contamination occurred during kimchi production. Although they used coliforms-free raw materials for making kimchi, coliforms were detected during ripening. Analyzing the ongoing processing protocol to identify microbial hazards is required. And also control methods for reducing microbial hazards during kimchi processing are required.
For these reasons, our objective was to compare the microbial quality of regular and reduced-sodium kimchi products and to evaluate the microbial hazards of kimchi processing and identify five control points for reducing coliforms during kimchi production.
| MATERIAL S AND ME THODS

| Preparation of samples
Commercial napa cabbage kimchi samples were collected from various companies and locations (Cheongyang-gun, Daejeon, Changwon, Bucheon, and Paju) in Korea. The kimchi samples were designated as A, B, C, D, and E. All samples were collected within 2 days of manufacture. All samples were examined immediately after delivery.
| Measurement of pH and a w
To measure pH and a w , 50 g of kimchi sample was ground with a blender. pH was measured with a pH meter (Mettler-Toledo, Switzerland). Water activity of kimchi was measured with an Aqualab model 4TE a w meter (METER Group, Inc., Pullman, WA, USA).
| Total aerobic plate counts and coliforms
For enumeration of total aerobic plate counts (APC) and coliforms, 25 g of each kimchi sample was transferred to a sterile stomacher bag (Labplas Inc., Sainte-Julie, Quebec, Canada) containing 225 ml of sterile 0.2% peptone water (PW; Difco) and homogenized for 2 min in a stomacher (EASY MIX, AES Chemunex, Rennes, France). After homogenization, 1 ml aliquots of homogenized samples were tenfold serially diluted in 9 ml of sterile 0.2% PW, and 1 ml of sample or diluent was plated onto 3M Petrifilm Aerobic Count Plates and 3M Petrifilm E. coli/Coliform Count Plates (3M Health Care, MN, USA).
The plates were incubated at 32°C for 48 hr (Aerobic Count Plates) and 35°C (E. coli/Coliform Count Plates) for 24-48 hr, respectively.
| Isolation of E. coli O157:H7
The method of McEvoy et al. (2003) was used for isolation of E. coli O157:H7. Twenty-five gram of kimchi was transferred to a sterile stomacher bag containing 225 ml of modified E. coli broth with novobiocin (mEC Broth; Merck), homogenized for 2 min with a stomacher and enriched by incubating at 37°C for 24 hr. One loop of the enrichment broth was streaked onto a plate of Sorbitol MacConkey Agar with cefixime (0.05 mg/L) and potassium tellurite (2.5 mg/L) (CT-SMAC, Oxoid) and incubated at 37°C for 24 hr. For a second isolation, colonies formed on the CT-SMAC agar plate were streaked onto eosin methylene blue agar plates (EMB, Becton, Dickinson Co.) and phenol red agar with 4-methylumbelliferyl-β-D-glucuronide (PRS-MUG) and incubated at 37°C for 24 hr. Presumptive positive isolates on EMB and PRS-MUG agar were tested for O157 and H7 
| Isolation of Salmonella spp.
The isolation method for Salmonella spp., described by Lee, Runyon, Herrman, Phillips, and Hsiehm (2015) , was followed, which includes two enrichment steps. First, 25 g of kimchi sample was transferred to a sterile stomacher bag (Labplas Inc., Sainte-Julie, Quebec, Canada) containing 225 ml of buffered peptone water (Oxoid), homogenized for 2 min in a stomacher, and incubated at 37°C for 24 hr. Following incubation, 0.1 ml of the culture was transferred into 10 ml of 
| Isolation of Listeria monocytogenes
For the detection of L. monocytogenes, we followed the FDA BAM method described in Gasanov, Hughes, and Hansbro (2005) .
Twenty-five gram of kimchi was transferred to a sterile stomacher bag containing 225 ml of Listeria enrichment broth (Difco), homogenized for 2 min in a stomacher, and incubated at 30°C for 48 hr.
One loop of the enrichment broth was streaked onto an Oxford Agar
Base plate with antimicrobial supplement (OAB; MB Cell) and incubated at 30°C for 24-48 hr. Presumptive positive colonies on OAB agar plates were selected for L. monocytogenes confirmation using the API Listeria (bioMérieux, La Balme les Grottes, France) test.
| Isolation of Staphylococcus aureus
Twenty-five gram of kimchi was transferred to a sterile stomacher bag containing 225 ml of 10% NaCl Tryptic Soy Broth (TSB; Difco, BD, Sparks, MD), homogenized for 2 min in a stomacher and incubated at 37°C for 24 hr. One loop of the enriched broth was streaked onto a Baird-Parker agar plate (BPA; Difco) and incubated at 37°C
for 24 hr. Presumptive positive colonies formed on BPA agar plates were selected and subjected to Gram staining and the catalase test.
Gram-and catalase-positive isolates were identified using API Staph system (bioMérieux, La Balme les Grottes, France) (Normanno et al., 2007) .
| Isolation of Yersinia enterocolitica
Twenty-five gram of kimchi sample was transferred to a sterile stomacher bag (Labplas Inc., Sainte-Julie, Quebec, Canada) containing 225 ml of Peptone Sorbitol Bile Broth (PSBB; MB cell), homogenized for 2 min in a stomacher, and incubated at 25°C for 2 days. Following incubation, 0.1 ml of the culture was mixed into 1 ml of 0.5% NaCl 
| Enumeration of Bacillus cereus
Twenty-five gram of kimchi was transferred to a sterile stomacher bag containing 225 ml of 0.2% PW, homogenized for 2 min in a stomacher. After homogenization, 1 ml aliquots of homogenized samples were tenfold serially diluted in 9 ml of sterile 0.2% PW, and 0. and E. coli in 100 ml and a total aerobic plate count of <2.0 log CFU/ml .
| Kimchi processing analysis: food contact surfaces
To assess microbial safety of food contact surfaces in kimchi processing, we swabbed food contact surfaces during processing (salting container, dehydration board, conveyor belt, knife, radish cutting machine, and seasoning mixer) with 3M pipette swabs plus (3M Korea Ltd., Seoul, Korea). For enumeration of APC and coliforms, sampled pipette swabs were homogenized for 1 min with a vortexer.
After homogenization, 1 ml aliquots of homogenized samples were tenfold serially diluted in 9 ml of sterile 0.2% PW, and 1 ml of sample or diluent was enumerated for APC or coliforms as described previously.
| Statistical analysis
All data were repeated three times and analyzed with one-way ANOVA using the Statistical Analysis System (SAS Institute, Cary, NC, USA) and Duncan's multiple range test to determine whether there were significant differences (p < 0.05) in mean values of microorganism populations. Microbial counts were transformed to log values for analysis. Kimchi processing analysis was conducted only once. Table 1 shows salt content, pH, and a w of kimchi samples. Reduced salt content did not affect pH or a w of kimchi. Kimchi normally has salt content <2%, and this may be the main reason for no difference in a w . The differences in salt content between regular and reducedsodium samples were ca. 1%-2% (Table 1) . However, samples from manufacturer C and D showed pH differences between regular and reduced-sodium kimchi but these differences were statistically insignificant (manufacturer C) or varied according to manufacturing date (manufacturer D). Tables 1 and 2 , we confirmed that reducing sodium content did not affect microbial quality of kimchi. However, high levels of coliform contamination were detected in all kimchi samples. Populations of coliforms ranged from 2.11 to 5.15 log CFU/g. Coliforms include pathogenic as well as nonpathogenic bacteria which are readily isolated from common environments such as soil, water, foods, and environmental surfaces. Coliforms are generally used as an indicator of fecal contamination through cross contamination or insufficient food processing (Lee et al., 2009 ). But, unfortunately, there is no thermal pasteurization step during kimchi processing. Thus, control methods for reducing coliforms in kimchi need to be identified.
| RE SULTS AND D ISCUSS I ON
To reduce the level of coliforms contamination, we analyzed specific kimchi producing processes to find microbial hazard factors. The results are shown in Tables 3-6 . Manufacturers D and E refused to disclose their processing steps. Using this analysis, we were able to identify five control points during kimchi processing.
Using antimicrobial agents for washing napa cabbage is a first control point for reducing coliform levels of kimchi samples. Tables 3   and 4 show the microbial qualities of samples which were collected at each kimchi processing step. The APC and coliforms counts of raw napa cabbage were 5.90-6.90 log CFU/g and 1.60-2.48 log CFU/g, respectively. Even though raw napa cabbage showed high levels of microbial contamination, most manufacturers did not wash raw cabbage prior to kimchi production or use antimicrobial agents during the washing process. Fukuyama et al. (2009) reported that 100 ppm sodium hypochlorite (NaClO) for 10 min reduced E. coli O157:H7 by 2.69 log CFU/g on shredded cabbage.
And Inatsu et al. (2017) reported that washing with 100 ppm
NaClO for 5 min resulted in the reduction of APC and coliforms on shredded cabbage by 1.8 and 1.6 log CFU/g, respectively. A processing step using antimicrobial agents for washing raw napa cabbage is needed to reduce the microbial load.
A second control point for reducing the microbial contamination load of kimchi is washing salted napa cabbage with appropriate sanitizers, such as organic acids, electrolyzed water, or sodium hypochlorite. APC counts of salted napa cabbage and washed salted napa cabbage were 4.00 to 6.83 and 3.60 to 6.25 log CFU/g, and coliforms counts of those samples were 2.00 to 3.26 log CFU/g and 2.04 to 2.64 log CFU/g, respectively. Microbial contamination levels
were not appreciably reduced after the washing step because tap water without sanitizers was used for washing. The main purpose of the washing step is to remove excess salt content of salted napa cabbage. However, Park, Kim, and Oh (2016) reported that washing salted napa cabbage with 30 ppm slightly acidic electrolyzed water reduced the total microbial count in salted Chinese cabbage by about 2.25 log CFU/g. Application of sanitizer during salting is also recommended. Kim et al. (2015) used phytic acid to reduce E. coli O157:H7 and coliforms in napa cabbage destined for kimchi producing. In the hyper salting step, adding 2% phytic acid resulted in a five log reduction of E. coli O157:H7, and coliforms were reduced to under the detection limit (1.0 log CFU/g). To prevent cross contamination of kimchi, through sanitization of food contact surfaces could be a fourth control point to ensure microbial safety of kimchi. Tables 5 and 6 show the microbial counts of food contact surfaces which were sampled during each kimchi processing step. Manufacturer C declined to analyze the food contact surfaces. Most investigated food contact surfaces showed more than 5 log CFU/cm 2 of APC and over 2 log CFU/cm 2 of coliforms. Sheen and Hwang (2010) reported that ready-to-eat meat products can be cross-contaminated with E. coli O157:H7 while slicing with contaminated blades. Jensen, Friedrich, Harris, Danyluk, and Schaffner (2013) also reported that pathogens (Salmonella and E. coli O157:H7)
were transferred from food contact surfaces (ceramic, glass, plastic, stainless steel) to carrots, celery, lettuce, and watermelons.
The last (fifth) control point for reducing coliforms in kimchi is ripening (fermentation). There are several studies which confirm that coliforms can be decreased during the ripening step.
Choi, Hwang, Hong, and Lee (2016) reported that coliforms were reduced to nondetectable levels after 2 weeks of fermentation at 4°C. Kwon and Kim (2007) also reported that coliforms in kimchi samples decreased to nondetectable levels after 9-12 days of ripening at 4°C. Conversely, some studies showed that no changes or even increases in coliforms levels occurred during the ripening period. Kim and Yoon (2005) reported that coliforms increased during ripening of kimchi at 10°C. Cheon et al. (2015) reported that coliforms in kimchi increased after 2 weeks of storage at 4°C. Knarreborg, Miquel, Granli, and Jensen (2002) reported that lactic acid-induced growth of coliforms at pH 5.5, TA B L E 4 Coliforms (log CFU/g) of food samples collected during kimchi processing
In conclusion, this study evaluated the microbial safety of reduced-sodium Korean kimchi products. Reduced-sodium kimchi did not show a higher microbial load than that of regular kimchi.
However, high levels of coliforms contamination were observed in both kinds of kimchi samples. Through analyzing specific factors in the production line, we found that five key points for reducing coliforms levels during kimchi processing are needed: (a) washing raw napa cabbage with sanitizer, (b) washing salted napa cabbage with sanitizer, (c) washing submaterials with sanitizer for reducing coliforms in kimchi seasoning, (d) maintaining clean food contact surfaces, and (e) fast ripening. The results of this study could be helpful for the kimchi industry to produce safe reduced-sodium kimchi products. However, further investigations need to be performed to determine the proper sanitizers for each step and the effect of various ripening methods on the microbial quality of kimchi. 
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TA B L E 5 Total aerobic plate counts (log CFU/cm 2 ) of food contact surfaces swabbed during kimchi processing 
